Abstract. A novel route for the synthesis of platinum group metal nanoparticles has been reported. The synthesis is based on the addition of tetramethylammonium hydroxide (TMAH) to the aqueous PtCl 4 , IrCl 3 or Rh(NO 3 ) 3 solution followed by the hydrothermal treatment of these precipitation systems at 160 ºC. The mean size of nanoparticles was 9.2 nm for platinum, 21 nm for iridium, and 28 nm for rhodium. The average crystallite size was estimated at 7.4 nm for platinum, 3.1 nm for iridium and 3.5 nm for rhodium. The possible mechanism of platinum group metal nanoparticles formation is briefly discussed. (doi: 10.5562/cca1856)
INTRODUCTION
Platinum group metals are essential elements in modern technology, owing to their outstanding catalytic properties. Their utilization involves catalytic converters for catalytic control of car exhaust emissions, jewellery and watchmaking, chemical and petroleum refining industry (superb catalysts), electronics (hard drives), fuel cells (also as catalysts), liquid crystal display (LCD) glass and other glasses, anticancer drugs, spark plugs, electrodes, sensors, turbine engine coatings, medical components, dental alloys etc. [1] [2] [3] The use of platinum group metals as catalysts requires the largest possible active surface with an aim to provide a maximum possible number of catalytically active sites. A high surface area relative to volume ratio is obtained by using metal particles in the nanometer range as a catalytically active substance, either suspended in a reaction solution (quasi-homogeneous catalysis) or deposited on a particular support (heterogeneous catalysis). 4 Dispersed and supported platinum group metal nanoparticles are used in the catalysis of a broad range of reactions: fuel-cell reactions, electrontransfer reactions, hydrogenations, oxidations, decomposition reactions, etc. 5, 6 The most common method used to synthesize platinum group metal nanoparticles is chemical reduction in a solution using hydrogen gas, [7] [8] [9] [10] [11] [12] [13] alcohols, [14] [15] [16] [17] [18] [19] [20] ethylene glycol, 21 various hydrides [22] [23] [24] or other reducing agents. 25, 26 Platinum group metal nanoparticles can also be produced by electrochemical reduction, 27,28 laser ablation of a platinum metal plate, 29 microemulsion method, 30 aerosol assisted deposition method 31 or partial dissolution of Au-Pt nanoalloys. 32 In our previous work 33 we reported on a novel route for the synthesis of the nanosize particles of metallic palladium based on the precipitation of palladium hydroxide or oxide particles with tetramethylammonium hydroxide (TMAH) at high pH value followed by the hydrothermal processing of the suspensions obtained. In the present work we have expanded our investigation on the possibility of preparing the nanosize particles of metallic platinum, iridium and rhodium by the proposed method.
EXPERIMENTAL

Sample Preparation
The platinum(IV) chloride solution (w = 5 %) supplied by Hopkin & Williams Ltd., the iridium(III) chloride hydrate, 99.9 % (metal basis) supplied by Alfa Aesar ® , the rhodium(III) nitrate solution, w(Rh) ≈ 10 % in HNO 3 (w(HNO 3 ) = 20-25 %) supplied by Acros Organics, the TMAH solution (w(TMAH) = 25 %), electronic grade 99.9999 %) supplied by Alfa Aesar ® and twice-distilled water prepared in our own laboratory, were used. The above metal salts were dissolved in twice-distilled water. The quantity of 10 ml of TMAH solution as received was added to achieve the alkaline pH value. The final concentrations of ions in precipitation systems were 0.018 mol dm -3 for platinum ions, 0.040 mol dm -3 for iridium ions and 0.017 mol dm -3 for rhodium ions. These molar concentrations were chosen in order to create suitable conditions for the formation of homogenous suspensions of metal hydroxides or oxides and at the same time a large enough quantity of the final products for the recording of good quality XRD powder patterns. The suspensions thus formed were vigorously shaken for about 10 min, then heated at 160 °C for 24 hours, using the Parr general-purpose bomb (model 4744), comprising a Teflon vessel and a cup. The precipitates were cooled to RT (mother liquor pH ≈ 13.5) and subsequently washed with twice-distilled water and ethanol to remove the "neutral electrolyte". The ultraspeed Sorvall RC2-B centrifuge was used. After drying the precipitates were characterized by X-ray powder diffraction (XRD) and field-emission scanning electron microscopy (FE-SEM). A JEOL thermal field emission scanning electron microscope (FE-SEM, model JSM-7000F) was used.
RESULTS AND DISCUSSION
X-ray powder diffraction patterns of the prepared samples are shown in Figure 1 . These XRD patterns correspond to metallic platinum (JCPDS PDF card No. 04-0802), iridium (JCPDS PDF card No. 06-0598) and rhodium (JCPDS PDF card No. 05-0685). All these phases crystallize in the cubic crystal system (space group Fm-3m, a = 3.9231 Å for platinum, a = 3.8394 Å for iridium and a = 3.8031 Å for rhodium). A significant broadening of diffraction lines can be taken as a sign of very small crystallites and of a certain amount of noncrystalline material. The average crystallite size was estimated at ca. 7.4 nm for platinum, 3.1 nm for iridium and 3.5 nm for rhodium from the FWHM value of the diffraction line (111) by using the Scherrer equation. The larger crystallite size of platinum nanoparticles in comparison with rhodium and iridium samples can be explained by the formation of a smaller number of platinum nuclei in the initial stage of the process of nanoparticle formation by metal cations reduction.
FE-SEM images obtained at lower magnification show that the platinum sample consists of irregular aggregates (Figure 2a) , while the iridium sample consists of fairly uniform pseudospherical aggregates of about 200-500 nm in diameter. (Figure 2c ). Highermagnification FE-SEM images of the platinum ( Figure  2b ) and iridium samples (Figure 2d ) reveal that the aggregates are built from uniform nanoparticles. The rhodium sample shows almost non-aggregated nanoparticles (Figures 2e and 2f) . The particle size distributions of metallic platinum, iridium and rhodium ( Figure 3) were obtained from FE-SEM images by measuring the particle diameter of over 100 particles. The mean nanoparticle size was 9.2 nm for platinum, 21 nm for iridium, and 28 nm for rhodium. The average crystallite size of platinum nanoparticles estimated by the Scherrer equation is about 20 % smaller than the mean particle size obtained from FE-SEM images. The results obtained by using the Scherrer equation tend to underestimate the crystallite size, because according to this method the broadening of diffraction lines is supposed to be solely the result of a small crystallite size. 34 The close values of mean particle size and average crystallite size of platinum nanoparticles suggest that each of these particles consists of only one crystalline domain (crystallite). Unlike the case of platinum nanoparticles, the substantial difference in the mean particle size (observed by FE-SEM) and the average crystallite size Relative intensity 2θ /° (Cu-Kα) (determined by XRD) for iridium and rhodium samples suggests that these nanoparticles were formed by aggregation of even smaller particles. Formation of larger nanoparticles (28 and 21 nm) consisting of small crystallites (3.5 and 3.1 nm) in the case of rhodium and iridium can be explained by a higher aggregation potential of smaller crystallites with a large surface area (rhodium and iridium) in comparison with larger platinum crystallites (7.4 nm) with lower aggregation potential (smaller surface area) during the nanoparticles formation process.
In the present synthesis of platinum group metal nanoparticles TMAH has two functions: (a) as a strong alkali, which creates highly alkaline conditions for the formation of Pt(OH) 4 , Ir(OH) 3 and Rh(OH) 3 suspensions, and (b) as a source of methanol, which serves as a reducing agent for the reduction of metal ions. At the autoclaving temperature applied in this synthesis TMAH undergoes thermal decomposition yielding two principal products, trimethylamine and methanol. 35, 36 The methanol thus formed reduces Pt(IV), Ir(III) and Rh(III) in hydroxide suspensions creating conditions for nucleation of metallic platinum, iridium and rhodium particles. After a brief nucleation period nanoparticles continue to grow via addition of newly reduced atoms until unreduced species from the suspension have been depleted. Due to the formation of a lot of nuclei in the course of the brief nucleation step, the rest of material available for particle growth suffices only for the formation of tiny nanosize particles. In the case of platinum, the formed nanoparticles of 9.2 nm mean diameter were associated in irregular aggregates (Figure 2a ). In the case of iridium and rhodium the primary nanoparticles (3-4 nm in size) were joined in the secondary nanoparticles of 21 nm mean size for iridium and 28 nm for rhodium. The secondary iridium nanoparticles were associated in uniform pseudospherical aggregates (Figure 2c) , whereas the secondary rhodium nanoparticles were unaggregated (Figures 2e and 2f ).
Owing to the particle size and particularly strong reductive conditions created during the synthesis process, the platinum, iridium and rhodium nanoparticles thus formed are suitable for applications in catalytic reactions. 
